Homocysteine is an important and independent risk factor for arteriosclerosis. We showed previously that homocysteine stimulates vascular smooth muscle cell proliferation, a hallmark of arteriosclerosis. We show here that homocysteine and serum increased DNA synthesis synergistically in both human and rat aortic smooth muscle cells (RASMCs). Treatment of quiescent RASMCs with 1 mM homocysteine or 2% calf serum for 36 h increased cyclin A mRNA levels by 8-and 14-fold, respectively, whereas homocysteine plus serum increased cyclin A mRNA levels by 40-fold, indicating a synergistic induction of cyclin A mRNA. Homocysteine did not increase the half-life of cyclin A mRNA (2.9 h), but it did increase the transcriptional rate of the cyclin A gene in nuclear run-on experiments. The positive effect of homocysteine on cyclin A gene transcription was confirmed by our finding that homocysteine increased cyclin A promoter activity and ATF-binding protein levels in RASMCs. Finally, 1 mM homocysteine increased cyclin A protein levels and cyclin Aassociated kinase activity by threefold. This homocysteine-induced expression lesions by promoting proliferation of vascular smooth muscle cells. 
Introduction
Arteriosclerosis and its complications such as heart attack and stroke are the major causes of death in developed countries (1) . Despite considerable advances in our understanding of the causes of arteriosclerosis, the established risk factors do not fully explain its occurrence (2) . Recently, elevated levels of homocysteine-an intermediate metabolite of methionine-have been identified as an important and independent risk factor for arteriosclerosis (3) (4) (5) . Hyperhomocysteinemia can be caused by deficiency in enzymes such as cystathionine ␤ -synthase, vitamin deficiencies, drugs, or other, as yet undetermined, causes. Homocysteine levels have been found to be elevated in 20-30% of patients with premature arteriosclerosis (6) (7) (8) (9) . Moreover, a recent, large, prospective trial (the Physicians' Health Study) has defined elevated plasma homocysteine levels as an independent risk factor for myocardial infarction and stroke (10) . In fact, 21% of the general population in the Framingham study had homocysteine levels that would increase their risk of heart attack by 3.4-fold (11) . This percentage makes hyperhomocysteinemia a very common risk factor (2, 12 ). Yet the mechanisms by which hyperhomocysteinemia induces arteriosclerosis remain only partially understood (13) (14) (15) (16) .
Proliferation of vascular smooth muscle cells is one of the most prominent features of arteriosclerosis (1, 17) . We have shown that homocysteine increases DNA synthesis in vascular smooth muscle cells while decreasing DNA synthesis in vascular endothelial cells (18) . This stimulating effect of homocysteine on vascular smooth muscle cell proliferation represents a mechanism to explain homocysteine-induced arteriosclerosis. Homocysteine also increases steady state cyclin A mRNA levels and proliferation in quiescent rat aortic smooth muscle cells (RASMCs). 1 However, despite the importance of cyclin A in G1 ր S transit and in the S and G ր M phases of the cell cycle (19) (20) (21) (22) (23) , little is known about the regulation of this gene's expression, particularly by homocysteine.
In this report we show that homocysteine and serum increased DNA synthesis and cyclin A mRNA levels synergistically in both RASMCs and human aortic smooth muscle cells (HASMCs). Homocysteine increased the transcriptional rate of the cyclin A gene but did not affect the half-life of cyclin A mRNA. Moreover, homocysteine increased cyclin A promoter activity and ATF-binding protein levels in RASMCs. Finally, homocysteine increased both the abundance of the cyclin A protein and the activity of cyclin A-associated kinase.
Methods
Cell culture. RASMCs were harvested from male Sprague-Dawley rats (200-250 grams) by enzymatic dissociation according to the method of Gunther et al. (24) with modification (18, 25) . HASMCs were purchased from Clonetics Corp. (San Diego, CA). Both RASMCs and HASMCs were cultured in DME (JRH Biosciences, Lenexa, KS) and supplemented with 10% FCS (Hyclone Laboratories, Logan, UT), penicillin (100 U ր ml), streptomycin (100 g ր ml), and 25 mM Hepes (pH 7.4) (Sigma Chemical Co., St. Louis, MO). RASMCs and HASMCs were passaged every 4-7 d, and experiments were performed on cells three to eight passages from primary culture. After the cells had grown to 80% confluence, they were placed in quiescence medium (0.4% calf serum, Hyclone Laboratories) for 72 h before the experiments.
[ 3 H]Thymidine incorporation. RASMCs or HASMCs in 24-well plates were made quiescent by incubation in DME containing 0.4% calf serum for 72 h (18) before addition of dl -homocysteine (Sigma Chemical Co.). Cells were labeled with [methyl-3 H]thymidine (DuPont-New England Nuclear, Boston, MA) at 1 Ci ր ml during the last 2 h of homocysteine treatment. After the cells had been labeled, they were washed with Dulbecco's PBS, fixed in cold 10% trichloroacetic acid, and washed with 95% ethanol. Incorporated [ 3 H]thymidine was extracted in 0.2 N NaOH and measured in a liquid scintillation counter. Values were expressed as the mean Ϯ SEM from four wells. Statistical analysis was performed by the Kruskal-Wallis test and significance was accepted at P Ͻ 0.05.
RNA blot hybridization. Total RNA was obtained from cultured cells by guanidinium isothiocyanate extraction and centrifugation through cesium chloride (25) . The RNA was fractionated on a 1.3% formaldehyde-agarose gel and transferred to nitrocellulose filters. The filters were hybridized at 68 Њ C for 2 h with a random-primed, 32 P-labeled rat cyclin A cDNA probe (18) in QuikHyb solution (Stratagene, La Jolla, CA). The hybridized filters were then washed in 30 mM sodium chloride, 3 mM sodium citrate, and 0.1% SDS solution at 55 Њ C and autoradiographed with Kodak XAR film at Ϫ 80 Њ C for 16-24 h or stored on phosphor screens for 6-8 h. The filters were washed in a 50% formamide solution at 80 Њ C and rehybridized with an oligonucleotide probe complementary to 18s ribosomal RNA to correct for loading differences. The filters were then scanned and radioactivity was measured on a PhosphorImager running the ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA).
Nuclear run-on analysis. Confluent RASMCs were either not stimulated (control) or stimulated with homocysteine for 36 h. The cells were subsequently lysed and nuclei were isolated as described by Perrella et al. (25) . Nuclear suspension (200 l) was incubated with 0.5 mM each of CTP, ATP, and GTP and with 250 Ci of 32 P-labeled UTP (3,000 Ci ր mmol; DuPont-New England Nuclear). The samples were extracted with phenol ր chloroform, precipitated, and resuspended at equal counts ր min ր ml in hybridization buffer (3.4 ϫ 10 6 cpm ր ml). Denatured probes (1 g) dot-blotted on nitrocellulose filters were hybridized at 40 Њ C for 4 d in the presence of formamide. cDNAs for the cyclin A and ␤ -actin genes were used as probes. The filters were then autoradiographed with Kodak XAR film for 3 d.
Western blot analysis. Whole-cell lysates were prepared from cultured smooth muscle cells not stimulated (control) or stimulated with homocysteine for 34 h by boiling in lysis buffer containing 1% Triton X-100 and 40 mM Hepes, pH 7.5. Protein content in the smooth muscle cells was determined according to the method of Lowry as modified for the DC protein assay (Bio Rad Laboratories, Hercules, CA). Total protein (30 g) from homocysteine-stimulated cells and control cells was fractionated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Immobilon-P membrane; Millipore Corp., Bedford, MA). Probing and washing procedures were as described (26) . Briefly, the membranes were blocked for 1 h in 20 mM Tris (pH 7.5) ր 300 mM NaCl ր 0.3% Tween 20 (TBST) containing 5% Carnation nonfat dry milk and incubated overnight at 4 Њ C in a 1:1,000 dilution of a rabbit polyclonal anti-human cyclin A antiserum (27) in the same blocking solution. The membranes were washed three times with TBST, incubated at room temperature with 0.5 Ci ր ml 125 I-labeled protein A (ICN, Irvine, CA) in TBST, and washed four times in TBST before detection by indirect autoradiography with Kodak X-OMAT film and an intensifying screen. Bands were quantified in a PhosphorImager.
Immunoprecipitation and H1 kinase assays. RASMCs were harvested for H1 kinase assay by treating the monolayer with trypsin 34 h after the addition of homocysteine. The H1 kinase assay was performed essentially as described (27) . Briefly, cells were lysed and 50 g of protein from each extract was immunoprecipitated with a 1:100 dilution of a polyclonal cyclin A antibody at 4 Њ C for 1 h, followed by a 1-h incubation in 20 mg ր ml protein A-Sepharose beads (Pharmacia LKB Biotechnology, Inc., Piscataway, NJ) at 4 Њ C. Histone H1 kinase activity was determined by incubating the beads in 40 l of kinase buffer containing [ ␥ - 32 P]ATP (6,000 cpm ր pmol; 100 mM) and histone H1 (Sigma Chemical Co.; 0.5 mg ր ml) for 20 min at 30 Њ C. Histone H1 kinase activity was detected by autoradiography and phosphorimaging after electrophoresis on 12% SDS-PAGE gels.
Transfection and luciferase assays. Construction of luciferase reporter plasmids Ϫ 266 րϩ 205 and Ϫ 133 րϩ 205 containing 266 and 133 bp of the human cyclin A 5 Ј flanking sequence has been described (28) . The ATF consensus sequence TGACGTCA in plasmid Ϫ 133 ր ϩ 205 was mutated to TGCCCCCA to make plasmid mt Ϫ 133 րϩ 205. RASMCs were transfected with 5 g of luciferase construct Ϫ 266 ր ϩ 205, Ϫ 133 րϩ 205, and mt Ϫ 133 րϩ 205 by the DEAE-dextran method followed by a 1-min DMSO shock (29, 30) . To correct for variability in transfection efficiency, we cotransfected 5 g of pCAT-control (containing the potent SV40 enhancer and promoter driving the structural gene coding for chloramphenicol acetyltransferase [CAT] ) in all experiments. The luciferase and CAT assays were performed as described (28, 29) , and the ratio of luciferase activity to CAT activity in each sample served as a measure of normalized luciferase activity. Each construct was transfected at least three times, and each transfection was done in triplicate. The luciferase activity of each cyclin A plasmid treated with homocysteine was divided by that of the same plasmid treated without homocysteine. The difference of the ratio (mean Ϯ SEM, treated versus untreated) was presented as a percent increase induced by homocysteine. Comparisons were made by applying a factorial ANOVA followed by Fisher's least significant difference test. Statistical significance was accepted at P Ͻ 0.05.
Gel mobility shift assay. Probes were made from double-stranded oligonucleotides synthesized according to the sequence of the cyclin A ATF site (bp Ϫ 84 to Ϫ 63, 5 Ј TGAATGACGTCAAGGCCG-CGAG 3 Ј ). The probes were radiolabeled as described (28) . A typical binding reaction mixture contained DNA probe at 20,000 cpm, 1 g of poly(dI-dC) • poly(dI-dC), 25 mM Hepes (pH 7.9), 40 mM KCl, 3 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 3 g of nuclear extract in a final volume of 25 l. The reaction mixture was incubated at room temperature for 20 min and analyzed by 5% native PAGE in a 0.25 ϫ TBE (22 mM Tris ր 22 mM boric acid ր 0.5 mM EDTA). To determine the specificity of the DNA protein complexes, we performed competition assays with an unlabeled double-stranded oligonucleotide encoding the wild-type ATF-1 sequence or the mutated ATF-1 sequence. To characterize specific DNA-binding proteins, we incubated nuclear extracts with various antibodies for 12 h at 4 Њ C before the addition of probe. The polyclonal antibodies were raised against human ATF-1, ATF-2, Jun, and cyclic AMP-responsive element-binding protein (CREB).
Results
Synergistic induction of DNA synthesis and cyclin A mRNA in smooth muscle cells by homocysteine and serum. Quiescent RASMCs were treated with 1 mM homocysteine, 2% serum, or 1 mM homocysteine plus serum for 24 h. [ determine whether growth factors present in the serum, such as PDGF and homocysteine, could also increase DNA synthesis in a synergistic manner, we treated quiescent RASMCs with 1 mM homocysteine, 20 ng ր ml PDGF (the recombinant human BB isoform), or 1 mM homocysteine plus 20 ng ր ml PDGF. [ 3 H]Thymidine incorporation in RASMCs increased by 1.9-, 3.9-, and 12-fold in response to 1 mM homocysteine alone, 20 ng ր ml PDGF alone, or 1 mM homocysteine plus 20 ng ր ml PDGF, respectively (Fig. 1 C ) . This synergistic effect was also observed for basic fibroblast growth factor. Thus, both serum and growth factors appear to act synergistically with homocysteine to increase DNA synthesis in RASMCs.
Because cyclin A has a critical role in DNA replication during the S phase (21, 22, 31), we tested whether homocysteine and serum increased cyclin A mRNA levels synergistically. RNA was harvested from quiescent RASMCs treated with 1 mM homocysteine, 2% serum, or 1 mM homocysteine plus 2% serum for 24, 36, and 48 h and analyzed by Northern analysis with a rat cyclin A probe. Both homocysteine alone and serum alone caused a time-dependent increase in cyclin A mRNA levels in comparison with control. At 36 h, homocysteine alone and serum alone increased cyclin A mRNA levels by 8-and 14-fold, respectively, whereas homocysteine plus serum synergistically increased cyclin A mRNA levels by 40-fold (Fig. 2 A ) . Similar synergistic effects were also apparent at 24 and 48 h. We also treated RASMCs with various doses of homocysteine to determine whether this synergistic effect could be observed at lower concentrations. Consistent with our previous report that 0.1 mM homocysteine increased thymidine uptake in RASMCs (18) , homocysteine increased cyclin A mRNA levels in RASMCs at a concentration as low as 0.1 mM (Fig. 2 B ) . In addition, homocysteine increased cyclin A mRNA levels in a dose-dependent manner.
Homocysteine increased cyclin A mRNA levels by increasing the gene's rate of transcription. To determine the precise mechanisms by which homocysteine increased steady state cyclin A mRNA levels, we first measured the cyclin A mRNA half-life in the presence or absence of homocysteine. In RASMCs grown in medium containing 2% serum, the estimated half-life of cyclin A mRNA was 2.9 h, whereas in cells exposed to homocysteine the half-life was ‫ف‬ 2.4 h (Fig. 3) . Thus, the increase in cyclin A mRNA levels by homocysteine could not have been mediated by an increase in the stability of cyclin A mRNA.
We then treated RASMCs with 5 g ր ml actinomycin D (an inhibitor of transcription) during treatment with 1 mM homocysteine to determine whether induction of cyclin A mRNA by homocysteine resulted from increased cyclin A transcription. Actinomycin D treatment blocked induction of cyclin A mRNA in RASMCs by homocysteine (Fig. 4 A ) , suggesting that mRNA induction occurred at the transcriptional level. These observations were confirmed by nuclear run-on analysis. Homocysteine increased the rate of cyclin A gene transcription but had no effect on that of ␤ -actin gene transcription (Fig. 4 B ) . Together, these data indicate that the homocysteine-induced increases in cyclin A mRNA levels were caused by increases in the transcriptional rate of this gene.
Homocysteine increased cyclin A promoter activity and ATFbinding protein levels in RASMCs.
Recently, we and others have cloned the human cyclin A gene and characterized the promoter (28, 32) . The ATF site and its binding proteins (CREB and ATF-1) are important in regulating the activity of the cyclin A promoter (28, 33) . To further elucidate the molecular mechanisms by which homocysteine increased cyclin A gene expression, we transfected into RASMCs luciferase reporter plasmids containing various lengths of the human cyclin A 5Ј flanking sequence. We chose plasmids Ϫ266րϩ205 and Ϫ133/ϩ205 because we had shown previously that plasmid Ϫ266/ϩ205, which contains both the three proximal Sp1 motifs and the one ATF motif, directed full promoter activity (28) . In addition, deletion of the three Sp1 motifs in plasmid Ϫ133ր ϩ205 resulted in a 40% reduction in promoter activity (28) . Despite high basal levels of luciferase activity (RASMCs were cultured in medium containing 2% fetal calf serum), homocysteine caused significant and similar increases in the luciferase activity of plasmids Ϫ266րϩ205 and Ϫ133րϩ205 (Fig. 5 A) . In contrast, the effect of homocysteine on cyclin A promoter activity disappeared when the ATF site was mutated in plasmid Fig. 1 and then not treated (Control) or treated with 1 mM homocysteine, 2% calf serum, or 1 mM homocysteine plus 2% calf serum for 24, 36, and 48 h. Total cellular RNA was extracted and Northern analysis was performed using 10 g of RNA per lane. After electrophoresis, RNA was transferred to nitrocellulose filters, which were then hybridized to a 32 P-labeled rat cyclin A probe and an 18s oligonucleotide probe. To correct for differences in RNA loading, the signal density for each RNA sample hybridized to the cyclin A probe was divided by that for each sample hybridized to the 18s probe. The corrected value for each time point was then divided by that for its corresponding control time point. (B) Dose-dependent induction of cyclin A mRNA by homocysteine. Quiescent RASMC were treated with 0.4% calf serum, 2% calf serum, or 2% calf serum plus various concentrations of homocysteine for 24 h. Total RNA was extracted and analyzed as in A.
mt Ϫ133րϩ205 (Fig. 5 A) , suggesting that the ATF site may mediate the positive effect of homocysteine on the cyclin A promoter.
To determine whether expression of ATF-binding proteins could be induced by homocysteine, we performed gel mobility shift analysis with a cyclin A ATF site probe. Incubation of the probe with nuclear extracts prepared rom RASMCs revealed specific DNA-protein complexes (collectively referred to as ATF-BP, Fig. 5 B) that were abolished by a 100-fold molar excess of identical, nonradiolabeled DNA but not by a similar excess of nonidentical DNA (data not shown). These complexes were similar to previously reported complexes produced by nuclear extracts from vascular endothelial cells (28) ; however, the complexes from endothelial cells displayed three bands, whereas those from RASMCs displayed only two bands. Treatment of RASMCs with homocysteine resulted in marked and time-dependent increases in the ATF-BP complexes (Fig. 5 B) .
To further identify the ATF-binding proteins present in the DNA-protein complexes, we performed gel mobility shift analysis in conjunction with antibodies. The ATF-BP complexes were competed away by the addition of ATF but not by the addition of mt ATF (Fig. 5 C) . The anti-ATF-1 antibody abolished the lower ATF-BP band. The anti-CREB antibody completely abolished both bands and produced a supershifted DNA-protein-antibody complex (Fig. 5 C) . However, the anti-Jun and anti-ATF-2 antibodies did not affect the bands. These data indicate that ATF-1 and CREB are the specific binding proteins for the cyclin A ATF site in homocysteinetreated RASMCs.
Homocysteine increased cyclin A protein abundance and cyclin A-associated kinase activity in RASMCs. We performed Western blot analysis to determine whether the homocysteineinduced increases in cyclin A mRNA levels in RASMCs were accompanied by increases in the level of cyclin A protein. The antibody to cyclin A recognized a 58-kD band (Fig. 6 A) , as reported previously (18, 27) . Quiescent RASMC cultures exposed for 34 h to homocysteine showed a threefold increase in cyclin A protein in comparison with controls. To determine whether cyclin A-associated kinase activity was also increased by homocysteine, cyclin A immunoprecipitates from control RASMCs and RASMCs that had been treated for 34 h with homocysteine were prepared and assayed for associated H1 kinase activity. Homocysteine increased cyclin A-associated kinase activity by more than threefold (Fig. 6 B) . Thus, homocysteine-induced increases in cyclin A mRNA levels were accompanied by increases in both the abundance of protein and the activity of cyclin A-associated kinase.
Discussion
Despite considerable epidemiological evidence identifying homocysteine as a risk factor for arteriosclerosis, the molecular mechanisms underlying homocysteine-induced arteriosclerosis have not been fully elucidated. Injury to vascular endothelial cells has been implicated in the pathogenesis of arteriosclerosis (1) . The injured endothelium produces growth factors, which act on neighboring smooth muscle cells to promote their pro- liferation. Thus, previous studies on homocysteine-induced atherosclerosis and thrombosis have focused on the effect of homocysteine on endothelial cells (13) (14) (15) (16) . Recently, we have shown that homocysteine increases DNA synthesis in RASMCs (18) , suggesting that homocysteine may directly promote smooth muscle cell proliferation. In this report, we show that homocysteine also increases thymidine uptake in HASMCs (Fig. 1 B) . Furthermore, homocysteine and PDGF and fibroblast growth factor increase DNA synthesis in RASMCs synergistically (Fig. 1 C) . Because growth factors such as PDGF have been identified in arteriosclerotic lesions (1) , homocysteine may also enhance the effect of growth factors or cytokines present in arteriosclerotic lesions to promote smooth muscle cell growth.
We have also tested the effects of methionine, cysteine, and glutathione on thymidine uptake in RASMCs over the same range of concentrations as studied for homocysteine. We found that cysteine and glutathione, but not methionine, caused similar increases in thymidine uptake in RASMCs (data not shown). This would indicate that the mitogenic effect of homocysteine is mediated mainly through its free sulfhydryl group.
As a first step toward elucidating the signal pathways of homocysteine-induced smooth muscle cell proliferation, we determined the effect of homocysteine on cyclin A gene expression. Cyclin A was chosen because it is required in more than one phase of the cell cycle. Cyclin A associates with two cyclin- The transcription start site and cis-acting elements are indicated by an arrow and boxes, respectively, as shown previously (28) . Each plasmid (5 g) was transfected into RASMCs by the DEAE-Dextran method. 36 h after transfection, RASMCs grown in medium containing 2% fetal calf serum were then treated with or without homocysteine for 24 h. For each construct, the plasmid pCAT-control was cotransfected to correct for differences in transfection efficiency. Luciferase activity and CAT activity were measured and relative luciferase activity units were assigned as described under Methods. (Right) Luciferase activity of each cyclin A plasmid treated with homocysteine was divided by that of the same plasmid treated without homocysteine. The difference of the ratio (meanϮSEM, treatment versus no treatment) is presented as a percent increase induced by homocysteine. *P Ͻ 0.05 mt Ϫ133րϩ205 versus Ϫ133րϩ205 or Ϫ266րϩ205. (B) Effect of homocysteine on ATF-binding proteins. Gel mobility shift assays were performed with a double-stranded, 32 P-labeled, 22-bp oligonucleotide containing the ATF site of the cyclin A promoter and nuclear extracts from RASMCs treated with homocysteine for various periods. 36C represents the control at 36 h. Incubation of the probe (20,000 cpm) with nuclear extract from RASMCs resulted in DNA-protein complexes collectively referred to as ATF-BP. ATF-BP specificity was confirmed by competition studies with a 100-fold excess of nonradiolabeled identical and nonidentical DNA (data not shown). (C) ATF-1 and CREB are the specific nuclear proteins that bind to the cyclin A ATF site in homocysteine-treated RASMC. Same assay as in B. Addition of nuclear extract from RASMCs treated with homocysteine for 12 h produced an ATF-BP that consisted of an upper and a lower band. The ATF-BP was competed away by the addition of ATF but not by the addition of mt ATF. To determine the specific components of the ATF-BP, we preincubated nuclear extracts with anti-ATF-1, -ATF-2, -Jun, and -CREB antibodies. The anti-ATF-1 antibody erased the lower band in ATF-BP. The anti-CREB antibody completely supershifted both bands. However, the anti-Jun and anti-ATF-2 antibodies did not affect the bands. dependent kinases: cdk2 in the S phase of the cell cycle and Cdc2 in the G2րM phase. These associations are required for both DNA replication and mitosis (21, 22, 31, 34, 35) . Cyclin A can also affect G1րS transit, as overexpression of cyclin A but not other cyclins overcomes the G1րS block induced by loss of cell adhesion (36, 37) .
We show here that homocysteine increases cyclin A mRNA levels, an effect markedly amplified by serum (Fig. 2) . The induction of cyclin A mRNA by homocysteine occurs at the transcriptional level (Fig. 4) and homocysteine has no effect on the stability of cyclin A mRNA (Fig. 3) . Furthermore, homocysteine-induced increases in cyclin A mRNA levels are associated with increases in cyclin A protein (Fig. 6 A) and cyclin A-associated kinase activity (Fig. 6 B) . Thus, homocysteine-induced cyclin A gene expression may have an important role in vascular smooth muscle cell proliferation, a prominent feature of arteriosclerosis (1).
We and others have cloned the human cyclin A promoter and characterized several regulatory elements and cognate DNA-binding proteins important for cyclin A gene transcription (28, 32) . The ATF site and its cognate DNA binding proteins (ATF-1 and CREB) are critical in mediating high-level cyclin A gene expression in vascular endothelial cells (28) . The observations we report here indicate that homocysteine may also increase the rate of cyclin A gene transcription in RASMC through the same ATF site. Future work aimed at elucidating how homocysteine increases the level of ATFbinding proteins may provide important insights into the signal pathways of homocysteine-induced vascular smooth muscle cell proliferation. Figure 6 . Effect of homocysteine on cyclin A protein and cyclin A-associated kinase activity. (A) Cyclin A protein. Subconfluent RASMCs were made quiescent for 72 h followed by treatment with or without 1 mM homocysteine for 34 h. Cell extracts were prepared from control and homocysteine-treated RASMCs. The protein concentration of the cell extract was measured and 30 g of protein from each sample was analyzed by Western blotting with a rabbit anti-human cyclin A polyclonal antibody. (B) Cyclin A-associated (H1) kinase activity. Subconfluent RASMCs were made quiescent by incubation in 0.4% serum for 72 h followed by treatment with or without 1 mM homocysteine for 34 h. Whole cell extracts were prepared and 50 g of protein was immunoprecipitated with a rabbit anti-human cyclin A polyclonal antibody. Cyclin A-associated kinase activity was assayed as described in Methods.
